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Electrical Silencing of Drosophila Pacemaker
Neurons Stops the Free-Running Circadian Clock
An important area of circadian rhythm research is the
relationship between the function of the molecular clock
in pacemaker neurons and the central physiological
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New York University property that distinguishes neurons from other cells—
regulated membrane electrical activity. Synaptic inputsNew York, New York 10003
are transduced through transient membrane currents,
and downstream outputs are driven by firing action po-
tentials. Activity-dependent free-running circadian rhy-Summary
thms in intracellular Ca2 levels and NMDA-evoked Ca2
currents have been observed in pacemaker neurons ofElectrical silencing of Drosophila circadian pacemaker
neurons through targeted expression of K channels the mammalian suprachiasmatic nucleus (SCN; Colwell,
2000, 2001). Clock-dependent circadian rhythms in ioncauses severe deficits in free-running circadian loco-
motor rhythmicity in complete darkness. Pacemaker channel mRNA abundance occur in Drosophila heads
(Claridge-Chang et al., 2001; McDonald and Rosbash,electrical silencing also stops the free-running oscilla-
tion of PERIOD (PER) and TIMELESS (TIM) proteins 2001). Free-running circadian rhythms in membrane
conductance and delayed-rectifier K channel currentthat constitutes the core of the cell-autonomous mo-
lecular clock. In contrast, electrical silencing fails to have been observed in pacemaker neurons of the mol-
luscan retina (Michel et al., 1993, 1999). After reversibleabolish PER and TIM oscillation in light-dark cycles,
although it does impair rhythmic behavior. On the ba- blockade of action potential firing in cultured SCN neu-
rons by tetrodotoxin treatment, circadian firing rhythmssis of these findings, we propose that electrical activity
is an essential element of the free-running molecular reemerge with unaltered phases (Welsh et al., 1995),
suggesting that neuronal activity is not required for cell-clock of pacemaker neurons along with the transcrip-
tion factors and regulatory enzymes that have been autonomous molecular oscillations in these cells. Never-
theless, it remains a mystery how synaptic inputs topreviously identified as required for clock function.
pacemaker neurons entrain the intracellular molecular
clock, how the molecular clock controls the electricalIntroduction
activity of pacemakers, and whether electrical activity
of pacemaker neurons plays a role in vivo in oscillationsAnimals exhibit roughly 24 hr (circadian) cycles of rest
and activity even when free-running in complete dark- of the molecular clock itself.
To begin to address these questions, we haveness. Oscillating gene expression is a universal feature
of the molecular clocks that regulate circadian behav- adopted a reverse genetic approach in which either of
two distinct K channels is expressed in the pacemakerioral rhythms, with the best-understood molecular clock
that of Drosophila (reviewed in Reppert and Weaver, neurons of transgenic flies. We find that K channel-
mediated electrical silencing of pacemaker neurons2000; Williams and Sehgal, 2001; Young and Kay, 2001).
Molecular and genetic analyses of period, timeless, and leads to severe deficits in circadian locomotor rhythms.
This result is not unexpected—if pacemakers cannotother clock genes have demonstrated that self-sus-
taining, cell-autonomous, interlocking, feedback loops communicate with downstream target neurons, there is
no way for them to drive circadian behavioral rhythms.of transcription and translation generate intracellular cir-
cadian rhythms in the abundance, phosphorylation state, We also find that pacemaker electrical silencing causes
rundown and ultimate stopping of the free-running cell-and nuclear localization of PERIOD (PER) and TIMELESS
(TIM) proteins (Young and Kay, 2001). This feedback autonomous intracellular molecular clock, thus indicat-
ing an essential role for electrical activity in the cyclingloop, and hence behavioral rhythms, can be reset by
light-induced TIM degradation (reviewed in Young, 1998). of the clock in the absence of environmental cues. How-
ever, electrical activity is not required for running of theRhythmic cycles of clock gene expression and subcel-
lular localization are found in a set of pacemaker neurons pacemaker molecular clock when driven by light-dark
cycles, indicating a specific function for electrical activ-that control circadian rhythms of locomotor activity in
Drosophila (Blanchardon et al., 2001; Kaneko et al., ity in the function of the free-running clock. On the basis
of these results, we propose that pacemaker cell electri-2000b; Renn et al., 1999). These pacemaker cells receive
light inputs via neuronal signals originating in the eyes and cal activity acts as part of a feedback loop that is neces-
sary for the cycling of the free-running clock.by cell-autonomous expression of CRYPTOCHROME
(CRY), a blue-light photoreceptor protein (Emery et al.,
1998, 2000; Stanewsky et al., 1998). Either of these sig- Results
nals is sufficient to entrain behavioral rhythms (Helfrich-
Fo¨rster et al., 2001). Some pacemaker cells produce a Neuronal Electrical Silencing with Modified
neuropeptide, PIGMENT DISPERSING FACTOR (PDF), Drosophila Open Rectifier K Channel (dORK)
which is likely to function as a circadian output signal The dORK K channel exhibits no voltage or time depen-
(Park et al., 2000; Renn et al., 1999). dence of the open state and behaves as a K-selective
hole in the cell membrane, similar to the neuronal “leak”
conductance (Goldstein et al., 1996). The function of1Correspondence: todd.holmes@nyu.edu
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Figure 1. Alteration of Cell Membrane Properties by Open Rectifier K Channel Expression
(A) Two-electrode voltage clamp of macroscopic transmembrane currents of Xenopus laevis oocytes expressing K channel subunits evoked
by a series of voltage steps. Unlike Kv1.5 and Kv1.4 currents, open rectifier dORK-C currents activate instantaneously and do not inactivate.
Pore mutant dORK-NC is nonconducting. Vertical scale bar is 3 A for Kv1.5 and Kv1.4 and 5 A for dORK-C and -NC. Horizontal scale
bar is 55 ms, 65 ms, and 25 ms, for Kv1.5, Kv1.4, and dORK (both -C and -NC), respectively.
(B) Normalized peak current-voltage (I-V) relationships for K channels expressed in oocytes. While Kv1.5 and Kv1.4 outward currents are
absent below 20 mV or 40 mV, respectively, dORK-C passes outward current down to –90 mV.
(C) Resting membrane potential of oocytes expressing K channels. Kv1.5 and Kv1.4 induce modest hyperpolarization, while dORK-C drives
the resting potential to 90 mV, the Nernst equilibrium potential for K. dORK-NC does not induce significant hyperpolarization. Bars depict
average  SEM currents (n  20 oocytes for each channel).
(D) Constructs used for P element transformation of the Drosophila melanogaster germline. dORK-C and dORK-NC were expressed as
enhanced GFP (eGFP) fusions from the UAS promoter, thus allowing cell-specific expression driven by GAL4.
native dORK channels in Drosophila neurons is un- ond, dORK expression will push the resting potential
of a neuron toward the K equilibrium potential andknown, although modulation of biophysically similar
channels controls resting potential and input resistance thereby increase the depolarization required to trigger
an action potential.of mammalian neurons (Millar et al., 2000; Talley et al.,
2000). While channels assembled from full-length dORK In order to determine whether dORK acts as a neu-
ronal silencer in vivo, we examined the effects of pan-subunits are highly suppressed in the absence of serine
phosphorylation of the C-terminal cytoplasmic domain, neuronal expression using the GAL4-UAS system (Brand
and Perrimon, 1993). Flies were transformed with P ele-channels assembled from engineered truncated sub-
units (dORK) are relieved of this suppression and thus ments with either the conducting dORK (dORK-C)
or nonconducting dORK-NC fused to enhanced GFPconstitutively open (Zilberberg et al., 2000).
dORK expression in Xenopus laevis oocytes de- downstream of five GAL4 binding sites (UAS; Figure
1D). Multiple independent chromosomal insertion linescreases input resistance between40 and60 mV and
drives the oocyte’s normal resting potential of 40 mV containing UAS-dORK-C or UAS-dORK-NC were
then crossed to flies containing an elav-GAL4 P element,down to 90 mV (Figures 1B and 1C). This contrasts
with the behavior of voltage-gated K channels such as which expresses GAL4 protein panneuronally (Lin and
Goodman, 1994; Yao and White, 1994). PanneuronalKv1.4 and Kv1.5, which only weakly conduct at poten-
tials below 40 mV (Figure 1B) and thus only weakly expression of conducting dORK-C resulted in 100%
mortality—no dORK-C-expressing flies from three in-hyperpolarize the resting potential (Figure 1C). We also
generated a pore mutant version of dORK that has dependent insertion lines reached adulthood, with the
vast majority of embryos failing to hatch and the restthe GYG and GFG motifs of the ion conduction pores
mutated to AAA. This mutant dORK is nonconducting exhibiting very sluggish movement as first instar larvae
and then failing to reach second instar (data not shown).and does not alter input resistance or resting potential
(dORK-NC; Figures 1A, 1B, and 1C). Panneuronal expression of the mammalian inward recti-
fier K channel, Kir2.1 (Baines et al., 2001; Johns etdORK channels should be effective at silencing neu-
ronal activity in comparison to voltage-gated K chan- al., 1999), was also completely lethal (data not shown).
Kir2.1, like dORK, has a substantial open probability atnels. First, dORK expression will decrease the input
resistance of a neuron at rest, at membrane potentials rest and has been previously demonstrated to electri-
cally silence Drosophila neurons in vivo (Baines et al.,where most voltage-gated K channels have a low open
probability. Decreased input resistance will shunt syn- 2001). These effects of dORK-C and Kir2.1 are consis-
tent with the recent observation that elav-GAL4-drivenaptic currents and reduce their depolarizing effect. Sec-
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Figure 2. Electrical Silencing of Pacemaker Neurons Neither Kills Them Nor Prevents Projection to Their Normal Target Field
pdf-GAL4 flies were crossed to UAS-dORK-C1, UAS-dORK-NC1, or UAS-Kir2.1(II) flies, and brains from adult progeny were dissected,
fixed, and immunostained for PDF neuropeptide. PDF is expressed in the cell bodies of both small and large LNV pacemaker neurons (top)
and in their dorso-medial axonal projection into the central brain (bottom). K channel expression has no effect on LNV cell number or axonal
morphology (n  12 hemispheres for each genotype).
expression of a modified voltage-gated K channel pressing dORK-C or Kir2.1 are present in normal num-
bers—about four small LNVs and four large LNVs per(“EKO”) also increased mortality (White et al., 2001).
In contrast, panneuronal expression of nonconducting hemisphere (Figure 2, top)—and exhibit their normal
dorso-medial projection into the central brain (FiguredORK-NC resulted in no increased mortality (data not
shown). 2, bottom). While the processes of the dORK-C- and
Kir2.1-expressing LNVs exhibit PDF-containing varicosi-This similarity of the effect of panneuronal dORK-C
expression with that of other K channels that have ties, they do not show the type of “beaded” morphology
characteristic of necrotic and apoptotic neurons (Delislebeen expressed in Drosophila excitable cells (Baines et
al., 2001; Paradis et al., 2001; White et al., 2001) indicates and Carpenter, 1984; Gold, 1987; Ramon y Cajal, 1928;
Svoboda et al., 2001). Furthermore, the pattern of PDFthat, like these other K channels, dORK-C silences
neuronal activity via an increase in membrane K con- staining shown in Figure 2 can be observed in dORK-C-
and Kir2.1-expressing LNVs of 30-day-old flies (data notductance at rest. This conclusion is further supported
by the fact that no effects are seen with expression of shown), indicating long-term survival of electrically si-
lenced LNVs. It is a crucial observation that expression ofnonconducting pore mutant dORK-NC, a transmem-
brane protein otherwise identical to dORK-C. dORK-C or Kir2.1 neither kills the pacemaker neurons
nor alters their normal projections, given the previous find-
ing that ectopic Kir1.1 channel expression and concomi-Electrical Silencing of Drosophila Pacemaker
Neurons Is Not Cell Lethal and Does Not tant increased K efflux causes apoptosis of mammalian
neurons (Nadeau et al., 2000).Alter Cellular Morphology
In order to assess the role of neuronal electrical activity
of pacemaker neurons in circadian locomotor rhyth- Electrical Silencing of LNV Pacemaker Neurons
Severely Impairs Free-Running Circadianmicity and cycling of the molecular clock, we expressed
dORK-C, dORK-NC, or Kir2.1 in pacemaker neurons Locomotor Rhythms
To test whether electrical silencing of pacemaker neu-using the clock cell-specific pdf-GAL4 driver (Renn et
al., 1999). This driver line expresses GAL4 in the PDF- rons impairs free-running circadian locomotor rhythms,
we examined the behavioral rhythms of flies expressingcontaining ventral subset of adult lateral pacemaker
neurons (LNVs; Helfrich-Fo¨rster, 1995) that are particu- dORK-C, dORK–NC, or Kir2.1 in the LNVs using the
pdf-GAL4 driver line. Most pdf-GAL4/dORK-C1 flies arelarly important for controlling circadian locomotor
rhythms (Blanchardon et al., 2001; Renn et al., 1999). arrhythmic (72%), as are almost all pdf-GAL4/Kir2.1 flies
from two independent Kir2.1 insertions (94% and 87%;Fluorescence microscopy of brain hemispheres con-
firms expression of GFP-tagged dORK-C, dORK-NC, Figure 3B). pdf-GAL4/dORK-C2 flies exhibit a more mod-
est deficit (15% arrhythmic; Figure 3B), consistent withand Kir2.1 solely in the LNVs of UAS-dORK-C;pdf-
GAL4, UAS-dORK-NC;pdf-GAL4, and UAS-Kir2.1;pdf- reduced LNV dORK-C expression in the C2 line as com-
pared to C1. In contrast, only 3% of pdf-GAL4/NC fliesGAL4 flies, with GFP-tagged K channel proteins visible
in the LNV cell bodies and neuronal processes (data not tested were arrhythmic (Figure 3B). The similar effects
resulting from expression of Kir2.1 and dORK-C in theshown). We consistently observe greater expression of
dORK-C in the dORK-C1 line in comparison to LNV pacemaker cells and the lack of effect of dORK-NC
expression show that behavioral arrhythmicity is due todORK-C2, with dORK-NC1 exhibiting similar expres-
sion to dORK-C1 (data not shown). increased resting Kconductance and consequent electri-
cal silencing.Anti-PDF immunocytochemistry reveals that LNVs ex-
Cell
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Figure 3. Electrical Silencing of Pacemaker Neurons Severely Impairs Free-Running Circadian Rhythms of Locomotor Activity
pdf-GAL4 or y w flies were crossed to UAS-dORK-C, UAS-Kir2.1, or UAS-dORK-NC flies. Adult progeny were entrained to light-dark (LD)
cycles for at least 5 days and then placed in the infrared beam-crossing locomotor assay apparatus in constant darkness (DD).
(A) Locomotor actograms spanning 12 days in DD of representative progeny of the indicated genotypes and phenotypes. Power is the height
in arbitrary units of the periodogram peak calculated by chi-square analysis and is a quantification of the strength of the circadian rhythm
over the 12 day measurement period. The power of each arrhythmic fly is defined as 75, which is the p  .01 significance threshold for a
period of 24 hr (see Experimental Procedures). Flies exhibiting a power greater than 150 are defined as rhythmic, while those with power
between 75 and 150 are defined as weakly rhythmic. The bar above each actogram indicates subjective day (gray) and subjective night (black).
(B) Summary of behavioral data for flies of indicated genotypes. Activity is in units of beam crosses per minute. Period, activity, and power
are each mean  SEM. When expressed in the PDF-expressing LNVs, dORK-C and Kir2.1 impair circadian locomotor rhythms, while dORK-
NC has no effect. C1, C2, and Kir2.1(II) and (III) (two independent UAS-Kir2.1 insertions) lines exhibit significantly different average powers
than each of the NC lines when driven by pdf-GAL4 (ANOVA with Dunnett’s T3 posthoc paired comparison test, p  .01). NC lines do not
differ significantly from one another. y w;C1 and y w;NC2 flies do not exhibit statistically different average circadian rhythm power (unpaired
t test, p .540), indicating that the observed effects require GAL4-driven expression in pacemaker neurons. The greater severity of impairment
observed for the dORK-C1 line compared to C2 is consistent with greater expression in the pacemaker neurons for C1 (data not shown).
In order to quantify the differences in circadian rhythmic- small set of neurons plays an indispensable role in con-
trolling circadian rhythmicity.ity between Kir2.1-, dORK-C-, and dORK-NC-express-
ing flies, we performed a statistical analysis of each fly’s
circadian power, a measure derived from chi-square Electrical Silencing of LNV Pacemaker Neurons
periodogram analysis (see Experimental Procedures). Stops the LNV Free-Running Molecular Clock
C1, C2, and Kir2.1(II) and (III) lines exhibit significantly The abolition of circadian locomotor rhythms caused by
different average powers than each of the NC lines when pacemaker electrical silencing demonstrated in Figure 3
driven by pdf-GAL4 (Figure 3B; ANOVA with Dunnett’s is consistent with an inability of the LNVs to communicate
T3 posthoc paired comparison test, p  .01). NC lines with output pathways that ultimately drive locomotor
do not differ significantly from one another (Figure 3B). activity. In order to determine whether electrical activity
These effects are due to GAL4-driven K channel ex- of the LNVs also influences cycling of the free-running
pression and are not due to a positional effect of P intracellular clock, levels of TIM and PER proteins were
element insertion, since the rhythms of y w;C1 and y assessed in LNVs of adult flies expressing dORK-C,
w;NC2 flies are statistically indistinguishable (Figure 3B). dORK-NC, or Kir2.1 driven by pdf-GAL4.
There are modest differences in average activity levels Flies were entrained in LD cycles and then placed in
between some of the dORK-C and dORK-NC flies, DD for either 2 or 4 days before immunocytochemistry.
but no visible gross deficits in locomotor behavior (Fig- LNV TIM and PER levels were quantified using a scorer-
ures 3A and 3B). These results indicate that electrical blind subjective scale of staining intensity and analyzed
silencing of the LNVs abolishes circadian rhythms of by ANOVA (see Experimental Procedures). NC1 LNVs
show strong circadian cycling of TIM and PER proteinslocomotor behavior. Therefore, electrical activity in this
Electrical Activity and the Drosophila Clock
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Figure 4. Electrical Silencing of Pacemaker Neurons Stops Normal DD Free-Running TIM and PER Oscillation
pdf-GAL4 flies were crossed to UAS-dORK-C, UAS-Kir2.1, or UAS-dORK-NC flies. Adult progeny were entrained to LD cycles for at least
5 days and then transferred to constant darkness. Brains were dissected and fixed at the circadian times indicated on either the second (D2)
or fourth (D4) day of constant darkness and processed for either anti-TIM or anti-PER immunocytochemistry. Anti-TIM or -PER staining
intensity of the darkest staining LNV of each brain hemisphere was assessed by blind scoring using a subjective intensity scale from 0 to 4,
with 0 being undetectable, 1 being just detectable, and 4 being maximal (see Experimental Procedures). Statistical analysis of average staining
intensity scores was by ANOVA with Dunnett’s T3 posthoc paired comparison test. At least 12 hemispheres were analyzed for each genotype
and time point. Bar graphs depict mean SEM staining intensity scores. Images were selected as representative of the mean staining intensity
for each experimental condition. In some panels, nerves can be seen on the surface of the brain; these are not stained, but appear dark in
the Nomarski optics.
(A) LNVs expressing dORK-NC do not contain detectable levels of TIM protein at CT6 (in the middle of subjective day) and contain high
levels of TIM localized to the nucleus at CT23 (just before subjective lights-on), after either 2 or 4 days in complete darkness. In contrast,
LNVs expressing dORK-C or Kir2.1 contain significantly lower levels of TIM at CT23-D2 and nearly undetectable levels at CT23-D4. On CT23-
D2 and CT23-D4, average anti-TIM staining intensity is significantly lower for dORK-C1 and Kir2.1(II) than for dORK-NC1 (p  .005), while
dORK-C1 and Kir2.1(II) do not differ significantly from one another. On CT6-D2, detectable levels of TIM accumulate in the LNV cytoplasm
in some Kir2.1(II) flies (see inset for high magnification view), but not in dORK-C1 or NC1 flies.
(B) LNVs expressing dORK-NC contain just barely detectable levels of PER protein at CT14 (just after subjective lights-off) and contain high
levels of PER localized to the nucleus at CT24 (just before subjective lights-on), after 4 days in complete darkness. In contrast, LNVs expressing
dORK-C or Kir2.1 contain nearly undetectable levels of PER at CT24-D4. On CT24-D4, average anti-PER staining intensity is significantly
lower for dORK-C1 and Kir2.1(II) than for dORK-NC1 (p  .005), while dORK-C1 and Kir2.1(II) do not differ significantly from one another.
Cell
490
Figure 5. Electrical Silencing of Pacemaker
Neurons Prevents Nuclear Translocation of
TIM
Anti-TIM immunocytochemistry was per-
formed every 6 hours on day two in DD, but
brains were overstained to improve visualiza-
tion of cytoplasmic TIM. In addition, unlike in
Figure 4 where brains were chosen for depic-
tion as representatives of the average stain-
ing intensity for each experimental condition,
brains were chosen to demonstrate the most
commonly observed pattern of subcellular
TIM localization. LNVs expressing dORK-
NC1 contain very low levels of nuclear TIM
at CT4 (4 hours after subjective lights-on). At
CT10, no TIM is detectable in the nucleus,
and newly synthesized TIM is just beginning
to accumulate in the cytoplasm. At CT16 (4 hours after subjective lights-off), a significant quantity of TIM has accumulated in the cytoplasm, and
by CT22 virtually all of that TIM has translocated into the nucleus. LNVs expressing Kir2.1 exhibit a very different profile of subcellular TIM localization,
with low but detectable levels of TIM in the cytoplasm throughout the circadian day and little or no detectable TIM in the nucleus.
with high levels in the nucleus at CT23 (just before sub- the LNV molecular clock. However, these results do not
address the role of pacemaker electrical activity in thejective sunrise) and low levels at CT6 (subjective midday)
or CT14 (shortly after subjective sunset; Figure 4A). light-driven clock. Thus, we examined the effects of
pacemaker electrical silencing on behavioral rhythmsThese data are consistent with published observations
of wild-type pacemaker neurons (Price et al., 1998; Sta- and molecular cycling in LD. In contrast to the rundown
and stopping of the molecular clock in DD, at least somenewsky et al., 1998).
In contrast, the LNV clock in both C1 and Kir2.1(II) flies core elements of the molecular clock of dORK-C- or
Kir2.1-expressing LNV pacemaker neurons continue torapidly runs down in constant darkness. Nuclear TIM
levels are significantly lower at CT23-D2 in C1 LNVs than oscillate in LD. C1 LNVs exhibit high TIM and PER levels
in the nucleus at ZT23 (just before lights-on) that arein NC1 LNVs and are nearly undetectable in Kir2.1(II)
LNVs (Figure 4A). TIM declines to nearly undetectable statistically indistinguishable from those of NC1 LNVs
and low TIM and PER levels at ZT13 and ZT14, respec-levels in both C1 and Kir2.1(II) LNVs by CT23-D4 (Figure
4A). PER cycling was affected similarly (Figure 4B). Inter- tively (just after lights-off; Figures 6B and 6C). While LNV
TIM levels are significantly lower at ZT23 in Kir2.1(II)estingly, while TIM is never detectable in NC1 or C1
LNVs at CT6, TIM is detectable at CT6 in the cytoplasm of flies than in NC1 and appear to be higher than in NC1
at ZT13, the normal nighttime transport of TIM proteinsome Kir2.1(II) LNVs (Figure 4A, inset). The more severe
molecular phenotype exhibited by Kir2.1(II) flies in com- from the cytoplasm to the nucleus still occurs (Figure
6B, insets). This is in contrast to the near absence ofparison to C1 flies is consistent with the relative severity
of their behavioral phenotypes (Figure 3). TIM nuclear transport in Kir2.1-expressing LNVs during
subjective night (Figure 5).In order to more clearly assess the potential role of
LNV electrical activity in the subcellular localization of Despite continued cycling of TIM and PER abundance
and nuclear accumulation, the circadian behavior in LDclock proteins, we performed anti-TIM immunocyto-
chemistry every 6 hr on day two in complete darkness. of flies expressing Kir2.1 in the LNV pacemaker neurons
is impaired. While NC1 and C1 flies, like wild-type fliesBrains were overstained to reveal the smaller quantities
of TIM that normally accumulate in the cytoplasm early (data not shown; Hamblen-Coyle et al., 1992), begin to
increase their locomotor activity about 2 hr before lights-in subjective night. As can be seen in Figure 5, LNVs
expressing dORK-NC exhibit a circadian rhythm of TIM off, Kir2.1(II) flies begin to increase their activity about
4 hr before lights-off (Figure 6A). This alteration in antici-subcellular localization, with TIM reaching peak cyto-
plasmic levels around CT16 (4 hr after subjective lights- patory behavior is similar to that observed in pdf 01 null
mutant flies and flies lacking PDF-expressing LNVs (Rennout), and then translocating almost completely to the
nucleus by CT22. In contrast, LNVs expressing Kir2.1 et al., 1999). A detectable deficit in Kir2.1(II) flies but not
C1 flies is consistent with the more severe free-runningexhibit only a very weak circadian rhythm of TIM subcel-
lular localization. TIM is detectable in the cytoplasm at behavioral and molecular phenotypes of Kir2.1(II) and
could reflect more complete electrical silencing.all circadian time points and only accumulates to very
low levels in the nucleus at CT22. This suggests that
LNV electrical activity may influence TIM nuclear entry. Discussion
In this study, we have identified electrical activity as aExpression of dORK or Kir2.1 in LNV Pacemaker
Neurons Impairs Circadian Locomotor functional component of the molecular clock of the LNV
pacemaker neurons. Eliminating light-driven inputs toRhythms in Light-Dark, But Does Not
Stop the Light-Driven Molecular Clock the LNVs, while preventing entrainment and causing in-
tercell clock asynchrony, does not prevent the cycling ofThe results described above demonstrate that electrical
activity in the PDF-expressing LNVs is necessary for each LNV’s cell-autonomous molecular clock (Helfrich-
Fo¨rster et al., 2001; Kaneko et al., 2000a). Interferencenormal free-running of circadian behavioral rhythms and
Electrical Activity and the Drosophila Clock
491
Figure 6. Electrical Silencing of Pacemaker Neurons Does Not Stop TIM and PER Oscillation in LD, but Flies Exhibit Deficits in Behavioral
Rhythms
(A) Activity versus zeitgeber time plots averaged for 10 flies of each of the indicated genotypes assayed in LD. Each bar represents 30 min
of cumulative activity, with black bars indicating night, white indicating day. Like wild-type flies (Hamblen-Coyle et al., 1992), flies expressing
dORK-NC1 or -C1 in the LNVs show an anticipatory increase in activity beginning about 2 hours before nightfall. In contrast, flies expressing
Kir2.1 begin to increase their activity about 4 hours before nightfall, like mutant flies that either lack PDF neuropeptide or lack the PDF-
expressing LNVs (Renn et al., 1999).
(B and C) Anti-TIM and anti-PER immunocytochemistry of adult brains, performed as in Figure 4. At least 12 hemispheres were analyzed for
each genotype and time point. LNVs expressing dORK-NC1 contain high levels of TIM and PER localized to the nucleus at ZT23 (just before
lights-on). However, unlike the severe impairment observed in TIM and PER cycling in DD, LNVs expressing dORK-C1 or Kir2.1 also contain
high levels of TIM and PER in the nucleus at ZT23, with dORK-C1 not significantly different from dORK-NC1 (ANOVA with Dunnett’s T3
paired-comparison test). While LNV TIM levels are significantly lower at ZT23 in Kir2.1(II) flies than in dORK-NC1 (p  .005) and appear to




with chemical synapse-mediated outputs of Drosophila et al., 2000). We show that LNV pacemaker neurons ex-
pressing dORK-C or Kir2.1 are present in their ordinarypacemaker neurons by expression of tetanus toxin does
not prevent intracellular molecular clock cycling (Ka- number, appear healthy, and exhibit their normal dorso-
medial projection into the central brain (Figure 2). Projec-neko et al., 2000b). In addition, after reversible blockade
of action potential firing in cultured mammalian pace- tions of dORK-C- or Kir2.1-expressing pacemakers
never show the type of beading that is a morphologicalmaker neurons, circadian firing rhythms reemerge with
unaltered phases (Welsh et al., 1995). Thus, electrical- hallmark of neuronal necrosis and apoptosis (Figure 2;
Delisle and Carpenter, 1984; Gold, 1987; Ramon y Cajal,activity of the LNVs, while involved in entrainment and
circadian behavior, would not be considered likely to 1928; Svoboda et al., 2001). dORK-C- and Kir2.1-
expressing LNV pacemakers continue to synthesize PDFplay a role in intracellular molecular oscillations. It was
thus surprising to observe that electrical silencing of the and to transport it down their axonal processes (Fig-
ure 2), and dORK-C- and Kir2.1-expressing LNVs stillLNVs stops their free-running molecular clock. On the
basis of this finding, we propose that electrical activity exhibit oscillation and nuclear entry of TIM and PER
in LD (Figure 6). Thus, pacemaker neurons expressingis a necessary component of the cell-autonomous feed-
back loops in the LNV molecular clock, along with the dORK-C or Kir2.1 are viable and possess a molecular
clock capable of oscillating.essential transcription factors and regulatory enzymes
that have been previously identified (Figure 7).
The Role of Electrical Activity in the PDF-Expressing
LNVs in Cycling of the Molecular ClockNeuronal Electrical Silencing Induced by Targeted
Increases in Resting K Conductance Our results establish that electrical activity in the PDF-
expressing subset of pacemaker neurons is required forIn order to address the role of electrical activity of the
pacemaker neurons in circadian rhythms, we employed generation of circadian locomotor rhythms (Figure 3).
We also examined the role of pacemaker electrical ac-a method for neuronal electrical silencing based upon
UAS/GAL4-mediated targeted expression of either of tivity in free-running circadian molecular oscillations.
When dORK-C or Kir2.1 is expressed in the LNV pace-two distinct K channels. Such manipulations of mem-
brane properties have been shown to be highly effective maker neurons, the LNV molecular clock runs down and
ultimately stops in DD (Figure 4). The rapidity of theat shunting synaptic inputs and silencing activity, both
in mammalian and Drosophila excitable cells (Baines et rundown correlates with the relative severity of behav-
ioral phenotypes seen in lines C1 and Kir2.1(II) (Figuresal., 2001; Johns et al., 1999; Nadeau et al., 2000; Paradis
et al., 2001; White et al., 2001). While it would be desir- 3 and 6). Furthermore, electrical silencing interferes with
normal nuclear translocation of TIM in free-running con-able to directly measure in vivo the effects of K channel
expression on pacemaker membrane properties, given ditions, but not in LD (Figures 5 and 6). In contrast,
dORK-NC expression has no effect on the normal cy-their location deep within the brain this will require the
refinement of existing techniques. cling of LNV TIM and PER levels in DD (Figure 4), nor on
the nuclear translocation of TIM (Figure 5). These resultsWe took two approaches to confirming that effects
of K channel expression in the pacemaker neurons indicate a hitherto unexpected role for pacemaker elec-
trical activity in the cycling of the free-running intracellu-result from electrical silencing. First, we compared the
developmental and behavioral effects of panneuronal lar molecular clock.
Blocking pacemaker synaptic output with tetanusexpression of dORK-C, the Kir2.1 inward rectifier, and
the “EKO”-modified voltage-gated K channel. Kir2.1 toxin, while inducing behavioral arrythmicity, has no ef-
fect on molecular oscillation (Kaneko et al., 2000b). Thisand EKO have each been demonstrated to silence elec-
trical activity in Drosophila neurons and other excitable suggests that stopping the clock through pacemaker
electrical silencing is not mediated by consequent silenc-cells (Baines et al., 2001; Paradis et al., 2001; White et
al., 2001). Panneuronal expression of either dORK-C ing of synaptic outputs. Furthermore, in the complete ab-
sence of entraining light-driven inputs, the pacemakeror Kir2.1 leads to nearly complete lethality, with few
larvae hatching from their egg cases and those that do molecular clock continues to oscillate (Helfrich-Fo¨rster
et al., 2001). In combination with these studies, our re-exhibiting extreme sluggishness (data not shown), as
previously observed with panneuronal expression of sults indicate that neuronal electrical activity plays inde-
pendent roles in pacemaker output signaling and oscilla-multiple copies of EKO (White et al., 2001). Second, we
generated an otherwise-identical nonconducting pore tion of the intracellular clock and point to a potentially
cell-autonomous function in the free-running LNV molec-mutant version of dORK (dORK-NC) and included this
channel in all experiments as a negative control. Since ular clock.
Pacemaker electrical silencing also causes deficits indORK-NC-expressing neurons behave in all respects
as wild-type (Figures 1–6), we conclude that the effects circadian behavior in LD—while wild-type and dORK-
NC-expressing flies show an increase in locomotor ac-of dORK-C or Kir2.1 are due to an increase in K con-
ductance at rest—an alteration in membrane properties tivity beginning about 2 hr before lights-off, flies ex-
pressing Kir2.1 in the LNVs increase their activity aboutknown to silence electrical activity both in mammalian
and Drosophila neurons (Baines et al., 2001; Johns et 4 hr before lights-off (Figure 6), phenocopying pdf 01
null mutant flies and flies lacking PDF-expressing LNVsal., 1999; Nadeau et al., 2000; Paradis et al., 2001; White
et al., 2001). (Renn et al., 1999). This behavioral alteration indicates
that electrical silencing still occurs in LD. However, someOne potential difficulty with the use of K channels
for silencing neuronal electrical activity is the possibility core elements of the molecular clock still oscillate in
abundance and subcellular localization in LD, with highthat excessive K efflux may lead to cell death (Nadeau
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levels of both TIM and PER in the nuclei of Kir2.1-
expressing larval LNV pacemaker neurons at ZT23 (Fig-
ure 6). While oscillation of TIM levels in LD does not by
itself rule out impairment of the clock (see Price et al.,
1998), the continued oscillation and nuclear transloca-
tion of both TIM and PER suggest that the molecular
clock continues to function in at least some respects.
Continued molecular oscillation in LD also indicates that
electrical silencing does not result in gross nonspecific
derangement of cellular physiology that prohibits clock
function per se. Rather, electrical silencing reveals a
specific requirement for electrical activity in the function
of the free-running clock and indicates the existence of
a light-dependent drive on the molecular clock that can
substitute at least partially for electrical activity in LD.
CRY is a good candidate for a light-dependent drive
on the clock that is unimpaired by electrical silencing.
CRY has been shown to be involved in cell-autono-
mously transducing light inputs to the LNV intracellular
clock (Emery et al., 1998, 2000; Stanewsky et al., 1998).
It is also possible that the activation of ligand-gated ion
channels or G protein-coupled metabotropic receptors
via light-dependent synaptic inputs to the LNVs might
couple directly to the clock without requiring electrical
activity. Future experiments will determine whether CRY
is required for the light-dependent rescue of PER and
TIM cycling from electrical silencing.
How Might Membrane Electrical Activity Be
Coupled to Cycling of the Molecular Clock?
We demonstrate that electrical activity in the LNV pace-
maker neurons is required for circadian behavioral
rhythms. Electrical activity is also required for cycling
of the free-running LNV intracellular clock, but not for
cycling of the light-driven clock. These features of the
interaction between neuronal physiology and the molec-
ular clock pose a number of questions for further inquiry.
What feature of the free-running molecular clock makes
it dependent upon electrical activity for continued oscilla-
tion? Electrical activity could act as a reinforcing feedback
lines indicate excitatory depolarization induced by inward current
flowing through ligand-gated cation channels and Cavs, which are
activated by depolarization of the membrane. Activation of ligand-
gated cation channels has two major consequences: (1) depolariza-
tion of the membrane mediated primarily by Na influx, and (2)
increased intracellular Ca2 mediated by Ca2 influx. Red lines indi-
cate inhibitory hyperpolarization induced by outward current flowing
Figure 7. Electrical Activity Is an Essential Element of the Free- through Kvs and other K channels. Kv channel activity hyperpolar-
Running Pacemaker Molecular Clock izes the membrane potential, thus decreasing Cav activity. Question
(A) Schematic model of Drosophila LNV pacemaker neuron. Self- marks represent potential molecular substrates for clock modulation
sustaining oscillations of TIM/PER and dCLOCK/CYCLE (dCLK/ by intracellular Ca2 and ion channel modulation by clock oscillation.
CYC) heterodimers are at the core of the Drosophila molecular clock. (B) The same model as in (A), but in the presence of ectopically-
Pacemaker electrical activity controls circadian locomotor behavior expressed dORK-C or Kir2.1 (red). Increased constitutive potassium
by modulating synaptic release of PDF and other neurotransmitters. conductance at rest through ectopically-expressed K channels
Light entrains the clock both through synaptic inputs that activate shunts inward currents from ligand-gated channels, prevents depolar-
ligand-gated cation channels (brown) or G protein-coupled metabo- ization of the membrane, prevents opening of Cavs, and thus silences
tropic receptors (not shown), and cell-autonomously through CRY. electrical activity and synaptic outputs. Electrical silencing also severs
Clock oscillations influence pacemaker electrical activity by modu- the electrical activity-dependent cell-autonomous feedback loop es-
lating voltage-gated K (Kv) and voltage-gated Ca2 (Cav) channels sential for free-running clock cycling in DD and thereby stops the
(orange and blue, respectively). Fluctuating pacemaker electrical clock. Continued molecular clock cycling in LD depends upon CRY-
activity influences clock oscillations through Ca2-dependent sig- mediated light inputs, Ca2 influx through light-driven synaptic ligand-
naling pathways, thus closing a feedback loop essential for free- gated channels, or activation of metabotropic neurotransmitter recep-
running molecular oscillations (purple barbed loop). Green barbed tors, none of which are prevented by electrical silencing.
Cell
494
tion using standard procedures as described (Nitabach et al., 2001).mechanism to keep the clock cycling in the absence of
Drosophila embryos were microinjected with pUAST-dORK-C orenvironmental cues (Figure 7). Changes in clock protein
-NC constructs as described (Brand and Perrimon, 1993) to obtainlevels may be coupled to modulation of membrane elec-
multiple independent insertion lines of UAS-dORK-C and –NC.
trical activity, which could feed back on clock protein elav-GAL4, pdf-GAL4, and UAS-Kir2.1 lines are as described in
levels. In other words, circadian oscillations in electrical Baines et al. (2001), Lin and Goodman (1994), and Renn et al. (1999).
activity could reinforce circadian oscillations in clock
Circadian Behavioral Analysisprotein abundance or function, and vice versa. Light-
Locomotor activity of individual flies was measured using the TriKi-dark cycles could provide enough of a drive on the clock
netics infrared beam-crossing system recording total crosses inthat reinforcing electrical oscillations are not necessary
30 min bins. Raw activity histograms were analyzed for circadian
for clock protein oscillations. rhythms using Actimetrics Clocklab software. Chi-square periodo-
How does membrane electrical activity affect cycling grams were constructed according to Sokalove and Bushell (1978),
of clock proteins? A likely candidate for transducing and significant circadian rhythmicity was defined as presence of a
peak in periodogram power that extends above the 	  .01 chi-electrical events at the membrane to intracellular pro-
square significance line. Since this line is equal to a power of 75cesses central to cycling of the clock is calcium entry
at a period of 24 hr, flies with no periodogram peak crossing thethrough voltage-dependent calcium channels (reviewed
significance line were assigned a circadian power of 75. This would
by Barish, 1998; West et al., 2001). These processes tend to overestimate the circadian power of these flies, and thus is
could be mediated by enzymes such as calcium/cal- conservative with regard to assessing statistical differences in
modulin-dependent protein kinases or protein kinase C, power between genotypes exhibiting frequent arrhythmicity and
those that are predominately rhythmic.or by transcription factors such as CREB, which has
already been shown to play a role in Drosophila circa-
Immunocytochemistrydian behavior (Barish, 1998; Belvin et al., 1999; West et
Adult brains were processed for anti-TIM, anti-PER, and anti-PDF
al., 2001). Future work is required to determine whether immunocytochemistry using the same antibodies as described
intracellular calcium levels and membrane conductance (Price et al., 1998). Staining intensity of the most darkly stained LNV
in the pacemaker neurons oscillate with a circadian in each brain hemisphere was quantified on a scale from 0 to 4 by
a scorer blind to the experimental group to which any particularrhythm, as has been observed in mammals and snails
brain belonged. 0 denotes undetectable staining, 1 denotes just(Colwell, 2000, 2001; Michel et al., 1993, 1999), and
barely detectable, and 4 denotes maximal staining. This is the stan-whether such oscillations do indeed feedback on the
dard method for quantifying clock protein expression in Drosophila
clock. pacemaker neurons (Kaneko et al., 1997; Stanewsky et al., 1998).
How might clock protein oscillation affect neuronal
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